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AN AUGMENTING EFFECT OF DOSE
The first fractionation experiment undertaken3 was designed to test this hypothesis. A total dose of 1,000 r of 90 r/min X rays was given in two fractions of 600 and 400 r separated by more than 15 weeks, a time interval long enough to allow cell replenishment and the restoration of a normal pattern in the spermatogonial population. The mutation frequency observed was significantly higher than that obtained when the total dose was given at one time, and not significantly different from an extrapolation of 300 and 600 r results. As far as it went, this result supported the view that cell selection is responsible for the fact that the mutation frequency with a single, 1,000 r dose is lower than that for a 600 r dose. However, further analysis was obviously needed. Another fractionation experiment was begun4 in which a total dose of 1,000 r of 90 r/min X rays was delivered in five fractions of 200 r each, with 24 hr between fractions. The time interval between fractions is much too short for repopulation of the spermatogonia. The median length of the radiation-induced temporary sterile period of the males exposed in this experiment exceeded by approximately eight weeks that observed after a single dose of 1,000 r. It was apparent that the amount of cell killing had been greater, and it was expected, on the simplest hypothesis, that the mutation frequency would be as low as, or even lower than, that of the single-dose experiment. The results do not agree with this expectation. The mutation frequency obtained to date in this experiment is more than twice that observed with a single 1,000 r exposure, and it is not significantly different from that found when the dose was given in two fractions separated by more than 15 weeks, nor from the value obtained by extrapolation from lower doses.
It is clear that the differences in mutation frequency obtained in these experiments cannot be explained solely on the basis of the amount of cell killing in the spermatogonia. It would appear either that the mutation rate obtained with the single 1,000 r exposure is low for some reason other than cell killing; or, if it is low because of cell killing, that the mutation rate obtained with five fractions of 200 r, which causes even more cell death, escapes being low because of the action of an entirely different factor. Information on this problem has come from additional fractionation experiments now being made. These will be described in detail in a later publication, but the mutation frequency obtained to date in one of them is reported now because it is already highly significantly greater than any mutation rate found before for spermatogonia. This indicates that a new factor affecting the mutational response is indeed involved, as was suggested by the results from the experiment with five fractions of 200 r. It will be important to explore this factor further, both for an understanding of its mechanism and for its bearing on the problem of radiation hazards.
Results and Conclusions.-Adult male 101 X C3H F1 hybrid mice were exposed to a total dose of 1,000 r of X rays (250 Kvp; 15 ma.; inherent filtration 3 mm Al; H.V.L. 0.4 mm Cu) delivered at approximately 90 r/min in two fractions of 500 r separated by 24 hr. As in the other 1,000 r experiments, the anterior two-thirds of the body of each animal was shielded with lead. The males were mated to females of our standard test stock, which is homozygous for seven specific marker genes. Details of the experimental procedure have been described elsewhere.5 Mutations Table 1 by 24 hr. The line is a least-squares fit to mutation rate of 49.2 X 10-8, per roentthe 0, 300, and 600 r points. gen, per locus, obtained in the fractionateddose experiment is the highest ever observed in spermatogonia. It is more than five times the rate of 8.5 X 10-8, per roentgen, per locus, given by a single dose of 1,000 r. The difference is highly significant (P < 0.00005). It is also more than twice the average induced mutation rate per roentgen for the single-dose experiments at 300 and 600 r (P = 0.0002).
This large and statistically significant increase over the mutation rate that would have been expected on the basis of linear extrapolation from the rates at lower doses shows that a new phenomenon is involved. The results indicate that the spermatogonial population at 24 hr after the initial exposure to 500 r may be especially sensitive to mutation induction and that the cells, therefore, respond with a high mutation rate to the second 500 r exposure. The increased sensitivity may plausibly be attributed to radiation-induced change in the array of cell division stages in the spermatogonial population. Whatever the real explanation is, the length of the time interval between fractions is crucial. In another fractionation experiment, in which two doses of 500 r were given 2 hr apart, the preliminary results show little, if any, elevation of the mutation frequency with this shorter time interval.
If the fractionation effect is due to an induced synchronization of cell division stages, or some similar mechanism, it is possible that the second portion of the dose could be timed to hit the cell population at an especially resistant stage. The effect of fractionation would then be in the direction opposite to that reported here and would correspond to a fractionation effect observed for somatic mutations in Trifolium repens.6 It is also possible that the 24-hr interval is not the one which produces the maximum augmenting effect.
The factor causing the fractionation effect reported here may turn out to be of more general importance than the one responsible for the drop in mutation rate when the dose is increased from 600 to 1,000 r (single exposures). The latter effect can still be accounted for in terms of cell selection, and the present evidence already indicates that this may be important only at very high doses. The fractionation factor happened to be discovered in a high-dose experiment, but this is no guarantee that it will not also be found to be somewhat effective in the lower-dose experiments now being done. Another important question also being explored is whether any fractionation effect of this sort can be found in oocytes.
Summary.-The induced mutation rate obtained from spermatogonia of mice exposed to a dose of 1,000 r of 90 r/min X rays delivered in two fractions of 500 r separated by 24 hr is more than five times the rate observed for a single 1,000 r dose.
